In the case of wind-driven rain, as the angle of rain incidence increases, greater force components act parallel to the surface and lower force components act perpendicular to the surface. Therefore, raindrop impact angle could influence the detachment process in the existence of substantial lateral jet development. This could be particularly significant for a cohesionless sand surface that has a weaker resistance to the dislodgement by a raindrop impact than a soil surface. Experiments of simulated wind-driven rain were conducted to evaluate sand detachment rates under increased lateral jetting induced by wind velocities of 6.4, 10.0, and 12.0 m s − 1 at nozzle operating pressures of 75, 100, and 150 kPa and incident on windward and leeward slopes of 4 and 9°. With these set-ups, it was possible to have varying angles of incidence and to determine the effect of the compressive stress and shear stress, evaluated by the horizontal and vertical kinetic energy fluxes (E tx and E tz , respectively), on the detachment rates from the sand surface. At the same vectorwise sum of E tz and E tx , the results showed that there was, for similar values of E tz and E tx in windward slopes, more sand detachment rate; however, for dissimilar values of E tz and E tx in leeward slopes where E tx was significantly higher than E tz , there was less sand detachment rate. Consequently, with certain values of the compressive stress and shear stress, the sand detachment rates under wind-driven rains peaked; and E tz was the limiting component since the rates significantly decreased as E tz particularly decreased in spite of very large values of E tx .
Introduction
Mostly by laboratory experiments, the process of soil detachment as a result of raindrop impact was studied by many researchers (Ellison, 1947; Young and Wiersma, 1973; Morgan, 1978; Poesen and Savat, 1981; Ghadiri and Payne, 1981 , 1986 Poesen and Torri, 1988; Sharma and Gupta, 1989; Salles and Poesen, 2000; Ghadiri, 2004) . In these studies, a spherical raindrop vertically striking a soil or sand surface was used to explain the process (Sharma et al., 1991 (Sharma et al., , 1995 . Physical raindrop characteristics such as size, speed, and frequency were commonly linked with the process of detaching soil particles by raindrop impact (Meyer, 1981; Kinnell, 1981; Park et al., 1983; Hairsine and Rose, 1991; Erpul et al., 2005) . When raindrops impact a loose sediment surface, they transfer part of their momentum to the particles, and with this particles are launched into arched trajectories away from raindrop impact sites Poesen, 1985; Erpul et al., 2003; Cornelis et al., 2004b,c; Furbish et al., 2007) .
During a raindrop impact, the pressure builds up at the raindrop-soil interface and the high pressure inside the raindrop then forces the water to escape laterally (Springer, 1976) . Basically, as falling raindrops hit the surface, soil particles broken away from the aggregates splash into the air and soil detachment takes place. More distinctively, two forms of movement of the splash phenomenon were explained by Huang et al. (1982) : the compressive stress from the impact and the shear stress from the lateral jetting were those that caused the phenomenon. In their numerical simulations with a spherical raindrop hitting a rigid surface perpendicularly, they concluded that the maximum pressure occurred at the circumference of the raindrop contact surface. Accordingly, Al-Durrah and Bradford (1982) particularized the phenomenon how compressive stress was transformed to or compensated by lateral shear stress resulting from radial flow of the striking drop. Later, Huang et al. (1983) reported that, when a raindrop impacts on rigid surfaces, the lateral jet development would be greater than that when it hits a soft and elastic surface. These results show that the partition of the compressive and tangential forces could significantly determine the magnitude of the soil detachment process, which on a cohesionless surface could differ from that on a cohesive one.
It is clear that the incidence angle of raindrop impact differs considerably from the vertical under which most of the controlled studies were conducted. In terms of the influence of the stress partition on the detachment process, the relative contribution of the compressive and tangential forces in a vertically striking raindrop is likely to be different from that of the drop hitting on a surface with a given degree of angle; that is, compressive stress of the impact decreases as rain inclination from the vertical increases and the shear stress accordingly becomes stronger. Also, apart from being the radial, splashes tend to be unidirectional in the favor of prevailing action of wind (De Lima, 1989) or slope (Poesen, 1985; Erpul et al., 2005) . Cruse et al. (2000) and Erpul (2001) reported that the angle of incidence of raindrop impact varies significantly and would greatly depend on wind speed and slope aspect of topography during most rainfall.
There are only few studies on the effect of impact angle on soil detachment. Regardless of the stress partition, Van Heerden (1964) observed that soil detachment decreased under winddriven rains. The same results were found by Erpul et al. (2003) in the study of the effect of wind on the raindrop impact and soil detachment. Subsequently, Erpul et al. (2005) showed that the vertical compressive stress of a wind-driven raindrop impact grew weaker as the raindrop deviated from the vertical and the tangential shear stress went stronger and controlled the sand detachment rates from the splash cups, and the sand detachment increased with the angle of incidence consequent to the horizontal wind speed. These sand detachment results on sand (Erpul et al., 2005) disagreed with those observed for soil (Erpul et al., 2003) ; regarding detachment under the rains with varying angle of incidence the sand surfaces behaved different from the soil surfaces. Also, these studies clearly indicated that the relative contribution of the vertical and horizontal components of impact stress varied in detachment and this could likely depend on the strength of the raindrop-impacted surface. Although "soil" is used as a more general term that also includes "sand", in the process of soil detachment by the raindrop impact, Erpul (2003) and Erpul et al. (2005) distinguished both in terms of cohesion since cohesive soils are generally characterized by smaller particle sizes than cohesionless sand. Cruse et al. (2000) showed that there were significant soil detachment interactions resulting from different mechanical behavior of the soil surfaces and the lateral jets of varying impact angles. Their fairly divergent results of soil detachment accounted for the differences in elasticity of waterdrop-soil collision and influence of drop impact angle on lateral jets. For example, with the weak loess soil and perpendicular raindrop impacts, lateral jet development, other than shear strength, restricted measured detachment, and it appeared that soil detachment increased at lower impact angles since lateral jets were more efficient in detaching particles from the point of impact. Depending on elasticity or rigidity of the surface (Huang et al., 1982 (Huang et al., , 1983 , soil detachment varied with the development of lateral jets (Cruse et al., 2000) . Huang et al. (1983) reported that the lateral jet of water from raindrop impact would be greater on rigid surfaces and for lower impact angles than that on a soft, elastic surface with raindrop impact at a perpendicular angle. Obviously, in the situations where the increased lateral jetting by wind drive exists, as the raindrop impact angle decreases (Cruse et al., 2000; Erpul, 2001) , greater force components act parallel to the surface and lower force components act perpendicular to the surface. This study examines sand detachment under wind-induced lateral jetting and investigates the relative effects of the different components the raindrop incidence vector on sand detachment. The relative importance of the two stress components in soil detachment has not yet been explicitly explored, and therefore, the precision of components in detachment quantification will be useful. The role of horizontal and vertical energy components of raindrops hitting the sand surface with varying angle of incidence in sand detachment is presented in this article.
Material and methods
Experiments were conducted under laboratory conditions in the wind tunnel rainfall simulator facility of the International Center for Eremology, Ghent University, Belgium (Gabriels et al., 1997; Cornelis et al., 2004a) . The test section of the tunnel is 1 · 20 m wide and 12 m long and has a ceiling adjustable in height from 1 · 80 m to 3 · 20 m. Wind velocity profiles were measured from the sand surface up to 2-m nozzle height with a vane anemometer and associated recording equipment. The boundary layer in the test section was set at a 0.30 m thickness above the sand pan, and subsequently the reference wind velocities were derived from the logarithmic wind profiles assuming a fixed roughness height 0.0001 m for the smoothed sand surface (Fig. 1a) (Erpul, 2001) .
The rainfall simulator consisted of a pipeline with spray nozzles. In this study, we used a continuous spraying system of ten downward-oriented nozzles installed 2 m high and at 1 m intervals over a length of 12 m. Three operating nozzle pressures were applied, which were 75, 100, and 150 kPa. Tap water was used with an electrical conductivity at 25°C of 0.7 dS m − 1 . Cumulative volume percentage of the raindrop size distributions for the simulated wind-driven rains at different operating pressures are given by Cornelis et al. (2004a) by the logistic growth models (R 2 ≥ 0.99). The median raindrop diameters obtained under both different operating pressures and different wind speeds varied from 1.53 to 1.63 mm (Erpul, 1996; Erpul et al., 1998; Cornelis et al., 2004a) .
The material used in this study of wind-driven rain was very well sorted dune sand collected from the Belgian coast. The particle-size ranges that were used consisted of 100-200, 200-500, and 50-500 μm for the dune sand, of which geometric particle diameter was 250 μm. Its calcium carbonate and Table 1 Calculated correction factors using rain inclination, slope gradient, and slope aspect u: reference horizontal wind velocity; α: rain inclination from vertical (the angle of rain inclination was approximately 55, 68, and 72°for the wind-driven rain with 6.4, 10.0, and 12 ms − 1 , respectively (Erpul et al., 2005) ; θ: slope gradient; η ww : correction factor for windward slopes; η lw : correction factor for leeward slopes. Table 2 Rain intensities measured in the horizontal plane for nozzle operating pressures of 75, 100, and 150 kPa and wind velocities of 6.4, 10.0, and 12 ms organic matter content were 3.34% and 0%, respectively. The electrical conductivity of the sand was 0.72 dS m − 1 at 25°C and the bulk density was 1.7 Mg m − 3 (Cornelis et al., 2004b,c) . The sand was placed into a 55-cm long and 20-cm wide pan which was located at a distance x = 6.45 m downwind from the entrance of the wind tunnel working section along its centerline (Fig. 1a) . The sand pan had a perforated bottom to allow free drainage. Each run was performed on a pre-wetted sand surface to prevent sand from lifting off due to the wind. The surface was pre-wetted by spraying it with tap water before it was exposed to the wind-driven rain and was smoothed exactly on a level with the rim of the pan. Accordingly, there was only raindropinduced, no wind-induced, particle entrainment in the experiment Cornelis et al., 2004b,c) .
The rains driven by horizontal wind velocities 6.4, 10.0, and 12.0 ms − 1 were applied to the sand pan placed at both windward and leeward slopes of 7% and 16% (4.0°and 9.0°, respectively). For each slope aspect there were two replicates Table 3 Calculated number of raindrops (n, # m −2 s − 1 ) from I c ⁎ (mm h − 1 ) and calculated angle of rain incidence as a function of the rain inclination, slope gradient and aspect together with its horizontal and vertical components for the rains driven by the reference wind velocities of 6.4, 10.0, and 12.0 m s u = Horizontal wind velocity; α = rain inclination from vertical; θ = slope gradient; d 50 = median drop size; ϕ = angle of rainfall incidence; ww: windward, lw: leeward. ⁎ I c is calculated by I c = ηI h using wind-driven intensity measured in the horizontal plane (I h , mm h − 1 ) and the correction factor (η), and subscript "c" signs that intensity was calculated from that measured in the horizontal plane. (36 runs), and with 3 nozzle pressures × 3 wind velocities × 2 slope gradients × 2 replicates, and thus a total of 72 rainfall simulations were conducted (Fig. 1b and c) .
The spatial distribution of the wind-driven rain intensity on a horizontal plane in the tunnel was obtained on a horizontal plane by mapping the pattern of iso-lines and locating the most available working area in the tunnel (Erpul et al., 1998) . The uniformity coefficients of the rainfall intensity changed from 82% for the rains driven by wind speed of 12.0 ms − 1 with the nozzle pressure of 75 kPa to 92% for those driven by 6.4 ms − 1 with the nozzle pressure of 150 kPa (Erpul, 1996) . The actual amount of rain intercepted on a sloping surface with respect to the prevailing wind direction was calculated with the angle of rain incidence using the correction factors (Sharon, 1970 (Sharon, , 1980 Sharon et al., 1983 Sharon et al., , 1988 De Lima, 1990; Sharon and Arazi, 1997; Blocken and Carmeliet, 2000 , 2002 , 2004 Blocken et al., 2005; Cornelis et al., 2004a; Blocken et al., 2006) :
where, η is a correction factor that in fact indicates catch ratio when wind-driven rain is intercepted by sloping surface compared to that by the horizontal plane, α is the raindrop inclination from vertical; θ is the slope gradient; and z α and z θ are the azimuth from which rain is falling and azimuth towards which the plane of surface is inclined, respectively. The positive sign shows windward facing slope and the negative sign corresponds to leeward facing slope, implying raindrop deficit with the same values of α and θ. In our experimental set-up, the wind direction from which rain fell and the plane of surface on which the sand pan were placed were on the same axis, therefore, since z α = 0, z θ = 0, and cos(z α ± z θ ) = 1, Eq. (1) reduced to Eq. (2):
The mean angle of rain inclination from the vertical was calculated analytically using the direct intensity measurements in the tunnel (Erpul et al., 2005) . The variation of α (°) with respect to horizontal reference wind speed (u, ms − 1 ) is given by Eq. (3) (Erpul et al., 2005) :
Calculated correction factors by Eq. (2) are given in Table 1 for rain inclinations of 55, 68, and 72°resulting from the horizontal wind velocities of 6.4, 10.0, and 12.0 ms − 1 and the gradients of 4 and 9°of the windward and leeward slopes. Rain intensities measured in the horizontal plane (I h , mm h − 1 ) for nozzle operating pressures of 75, 100, and 150 kPa at the given wind velocities are given in Table 2 , and calculated wind-driven intensities (I c , mm h − 1 ) for windward and leeward slopes of 4 and 9°are tabulated in Table 3 .
The resultant velocity (V r , ms − 1 ) and energy (E r , J) of simulated rainfalls were measured by a Sensit kinetic energy sensor (Sensit, 2000) and variations of both with respect to u were given respectively by (Erpul et al., 2003) :
The total resultant kinetic energy flux of raindrops (E t , J m − 2 s − 1 ) was calculated considering the representative raindrop sizes (d 50 ) as functions of both horizontal wind speed and nozzle operating pressure (Erpul et al., 1998 (Erpul et al., , 2000 :
where, n i is the number of raindrop diameter classes, d i is the mean diameter for diameter class i (m), V ri is the resultant impact velocity of raindrop diameter d i (m s − 1 ), k is the product of all constants of the equation, and A and t are the sampling area and time over which the sample is taken, respectively. Eq. (6) is in fact the resultant kinetic energy (E r , J) multiplied by the total number of raindrops per unit area per unit time, which was estimated using the calculated wind-driven intensities (I c , m s − 1 ) for windward and leeward slopes of 4 and 9° (Table 3) by Eq. (7):
where, A = π(d 50 ) 2 /4 (m 2 ), 8 = π(d 50 ) 3 / 6 (m 3 ), and t is time of sampling (s). In this study, median raindrop diameters (d 50 ) were used in Eqs. (6) and (7) as a representative characteristic of the wind-driven rain size distributions. The horizontal and vertical kinetic energy fluxes (E tx and E tz in J m − 2 s − 1 , respectively) were computed using the angle of rain incidences (ϕ) (Fig. 1b and c) by:
Eqs. (8) and (9) integrate the effect of wind on raindrop impact velocity, impact frequency, and impact angle. Sand detachment rates were evaluated by the amount of splashed particles trapped at set distances on a 7-m uniform slope segment. Troughs (1.20 m × 0.14 m = 0.168 m 2 ) were placed in the upslope and downslope direction, respectively, for the windward and leeward slopes (Fig. 2) . The sand particles trapped in the collecting troughs were washed, oven-dried, and weighed. Exponential decay curves of the trapped sand amount (g) vs. the splash distance (m) (Eq. (10)) were used to approximate the sand detachment rates Poesen, 1985; Erpul et al., 2004; Furbish et al., 2007) (Fig. 3) by Eq. (11) (Erpul et al., 2003) :
where, m i is the mass of soil splashed over the distance x i , and β and δ are coefficients that depend upon the physical properties of sand particles. Respectively for windward and leeward slopes, coefficient values were 746 ≤ β ≤ 2290 and 31 ≤ β ≤ 254, and 1.50≤ δ ≤ 3.98 and 0.80 ≤ δ ≤ 3.83. The detachment rate was then calculated as:
where, D is the sand detachment rate (g m − 2 min − 1 ), A is the surface area of sand pan (0.55 m × 0.20 m = 0.110 m 2 ), and t is the time of sampling (45 min).
Results and discussion
The characteristics of the wind-driven rains such as the calculated the number of raindrops and angle of rain incidences as a function of the rain inclination and slope gradient and aspect together with its horizontal and vertical components for the rains driven by the reference wind velocities of 6.4, 10.0, and 12.0 m s − 1 are given in Table 3 . The range of angle of incidences (ϕ) and their vertical and horizontal components (cos ϕ and sin ϕ, respectively) can be observed from Fig. 4 and Table 3 , respectively. The bounds of Table 4 Summary of the data of kinetic energy fluxes and measured detachment rates for the rains driven by the reference wind velocities of 6.4, 10.0, and 12.0 m s
Windward Leeward u = Horizontal wind velocity; α = rain inclination from vertical; θ = slope gradient; E t = resultant energy flux; E tz = energy flux calculated using vertical component of impact velocity; E tx = energy flux calculated using horizontal component of impact velocity; D = sand detachment rate; SD = standard deviation for detachment rate.
ϕ, cos ϕ, and sin ϕ were 51 ≤ ϕ ≤ 81, 0.16 ≤ cos ϕ ≤ 0.69, and 0.78 ≤ sin ϕ ≤ 0.99, respectively. These showed that, since the compressive and shear stresses of the wind-driven raindrops varied respectively with cos ϕ and sin ϕ, proportionally the former attained to a value as low as 0.16 and the latter to as a high value as 0.99. Since both act inversely, they occurred in the rain driven by a 12.0 ms − 1 wind incident on the leeward slope of 9°. For the most part, the study was performed with the increased lateral jets of the wind-driven raindrops (Table 3 and Fig. 4) .
Total resultant kinetic energy fluxes computed using the resultant raindrop impact velocity and the number of winddriven raindrops by Eq. (6) as functions of both horizontal wind velocities (6.4, 10.0, and 12.0 m s − 1 ) and nozzle operating pressures (75, 100, and 150 kPa) are tabulated in Table 4 and graphed in Fig. 5 .
Graphs revealed that total kinetic energy flux (E t , J m − 2 s − 1 ) increased as wind speed (u, m s − 1 ) increased at each level of the nozzle operating pressure (P, kPa), and for a particular wind speed E t was greater in the windward slopes than in the leeward slopes. This was because the leeward slopes received less raindrop impact than the windward slopes (Table 3) . Table 4 also tabularizes the horizontal and vertical kinetic energy fluxes (E tx and E tz , respectively) computed by Eqs. (8) and (9). To distinguish the magnitude of each component, the ratios of the former to the latter (E tx /E tz ) were additionally calculated (Table 4) . Although the nozzle pressures make no difference in the ratios, they increased as the wind speed increased for each slope gradient and aspect. While the ratios decreased with the slope gradient in the windward slopes, they increased with it in the leeward slopes.
Also, the values clearly show that the ratios were always greater than the unity except for the rains driven by 6.4 ms E tz ≈ 0.98) for all nozzle pressures, implying that in the study E tx was mostly higher than E tz . In particular, the ratios were as high as 60 for the rains of 12.0 ms − 1 wind speed incident on the leeward slopes of 9°and finally there were extremely large differences in the ratio between the aspects (Table 4) . As opposed to the cases under which most of the controlled studies which consider only E tz in the soil and sand detachment process, were conducted, this study was performed under the cases where E tx appeared to have more control over the sand detachment than E tz in magnitude.
Variation of the measured sand detachment rates (D, g m − 2 min − 1 ) ( Table 4 ) with E t , E tz , and E tx is shown in Fig. 6 . In these scatter plots of sand detachment rates versus E t , E tz , and E tx , data were discriminated between the slope aspects. For both windward and leeward slopes the data clustered around the line adequately in Fig. 6a , suggesting that as E t increased, D increased. The line was steeper in the windward slopes than in the leeward slopes, suggesting that a unit increase in E t caused more sand detachment per unit area per unit time in the windward slopes than in the leeward slopes.
Scatter plots of sand detachment rates versus E tz , and E tx were given in Fig. 6b and c, respectively. The data clustered around the line more tightly in Fig. 6c than in Fig. 6b . Especially, it can be seen in Fig. 6b that in the leeward slopes the E tz range was so narrow that the data points could not allow a line to fit to some extent that a clear pattern could emerge. This analysis of parting data in terms of the slope aspect also indicated that different detachment rates occurred with different relative contribution of the compressive and shear stresses. When the magnitude of E tz and E tx was more comparable, there was more sand detachment. These cases coincided with the windward slopes. However in the leeward slopes, as decreases in E tz were serious, less sand detachment took place although E tx was of much greater significance. Extreme increases in E tx at the expense of E tz did not bring about significant increases in D.
Statistical analyses for the relationship between D (g m − 2 s − 1 ) and E t (J m − 2 s − 1 ) and D and both E tz and E tx by the log-linear regression models are presented in Table 5 . The model that accounted for the distinct effect of E tz and E tx on D resulted in much better coefficient of determination (R 2 = 0.82) than that of E t (R 2 = 0.63) because E t could not differentiate the relative role of compressive stress and shear stress in the process. For example, Fig. 6a shows that the sand detachment rates of the windward slopes significantly differed from those of the leeward slopes at the same E t values; the variation of D with E t in the former was greater than that of the latter since the magnitude of E tz in the windward slopes was larger when compared with that of leeward slopes (Table 4) . Detachment rates as function of both E tz and E tx differentiated for the slope aspect is shown in Fig. 7 . And, a scatter plot of measured (D m , g m − 2 min − 1 ) versus predicted sand detachment rates (D p , g m − 2 min − 1 ) with the model of D = kE tz a E tx b is given in Fig. 8 . Table 6 presents the Pearson correlation coefficients between D and E t , E tz , and E tx . The results show that E tz had a better correlation coefficient with D (0.76) than E tx (0.64), implying that E tz and E tx accounted for 76% and 64% of the variation in D, respectively. The coefficient of E t with D was 0.79, almost the same as that E tz . This suggested that, regardless of E tx , E tz was as good as E t in the sand detachment process under winddriven rains.
Conclusions
Sand detachment experiments were conducted under improved lateral jetting of raindrops induced by wind velocities of 6.4, 10.0, and 12.0 m s − 1 at nozzle operating pressures of 75, 100, and 150 kPa and incident on windward and leeward slopes of 4 and 9°. This allowed to study the effect of varying angle of incidence and to determine the partition of the compressive stress and shear stress evaluated by the horizontal and vertical kinetic energy fluxes (E tx and E tz , respectively) in the course of raindrop detaching action on the cohesionless sand surface. The graphical and statistical analyses indicated that in the windward slopes where the importance of E tz and E tx was more comparable, there was more sand detachment while in the leeward slopes where extreme increases in E tx as E tz particularly decreased occurred, less sand detachment resulted. A power model considering the discriminating effect of the compressive and shear stresses on the detachment produced similar exponent values to which E tz and E tx were raised (0.83 and 0.87, respectively); E tx was as good as at the process E tz in contradiction to the fact that erosion damage varies only with the normal component of impact velocity. In spite of this, the magnitude of compressive stress at last controlled the process since the sand detachment rates increased and decreased, respectively as the relative contribution of E tz increased and decreased although E tx attained at very high values. 
